such diverse purposes as autonomically controlled homeostasis of blood gases and 48 more centrally mediated ventilatory adjustments necessary for non-homeostatic 49 purposes such as olfactory sampling and vocalization. Such a dual nature of the 50 respiratory system makes respiratory indices useful for studying not only brainstem 51 homeostatic mechanisms but also various aspects of stress and cognition. 52
The respiratory pattern of rodents follows a distribution with two distinct 53 modes -baseline respiratory rate (i.e. during rest) and respiratory rate during sniffing 54 (17). Various stressful and arousing stimuli can modulate these modes. An increase in 55 baseline/resting respiratory rate after presentation of prolonged stressors is a 56 component of an integrated defense reaction (an increase in gas exchange for 57 preparation for a fight-or-flight response) (13). Brief mild non-noxious stimuli (e.g. 58 sudden noise), on the other hand, evoke transient increases in respiratory rate (i.e. 59 "sniffing; Ref #28), and it is tempting to interpret this reaction as a 60 respiratory/olfactory component of the orienting response. While in adult humans the 61 magnitude of such tachypnea is very modest (28), it is quite substantial in infants, 62
with about a two-fold transient increase in the respiratory rate in response to tactile 63 stimulus (22) . These respiratory arousal responses are much more prominent in 64 rodents, where sudden stimuli often cause rapid rises in their respiratory rate from 80-65 100 cycles per min (cpm) to over 500 cpm (17, 24) . Presumably this inter-species 66 difference could be explained by the fact that rodents heavily rely on their olfactory 67 input while exploring environment, so that prominent increase of their respiratory rate 68 during sniffing is a part of their behavioral repertoire for the risk assessment. 69
70
We have recently demonstrated in a rat study that the integrity of the 71 amygdala is essential for the generation of respiratory responses to stressors of high, 72
but not low, intensity of both short and long duration (1). This finding is in line with 73 the well documented role of the amygdala in autonomic and emotional processing 74 during stress (20) , and suggests that stress-induced respiratory arousal is possibly 75 mediated by those brain areas that are also responsible for other autonomic 76 manifestations of stress (i.e. thermogenesis, hypertension and tachycardia). In 77 addition, our previous results raise the possibility that different central neuronal 78 pathways mediate the defense and the orienting components of respiratory responses. 79
In an attempt to address this question, in the current study we are focusing on the 80 dorsomedial hypothalamus (DMH) and the adjacent perifornical area (PeF) -a crucial 81 region within the central network of autonomic control. Our choice of this brain area 82 was in particular based on the fact that the amygdala-induced cardiovascular arousal 83 is mediated by the DMH (35), and we thus hypothesized that similar relation might 84 exist for the respiratory arousal. While the DMH influences on stress-induced 85 thermogenesis, heat conservation, arterial pressure and tachycardia are well 86 documented (6, 9, 10), data on the DMH involvement in the respiratory function is 87 limited to studies conducted in anesthetized animals. 88
89
Our principal aim was to determine whether normal neuronal activity in the 90 DMH/PeF is essential for the expression of tachypnoeic responses to arousing and 91 stressful stimuli. We thus examined the effects of chemical inhibition of the 92 DMH/PeF region by a GABA A agonist muscimol on the respiratory responses to 93 sudden acoustic stimuli of various intensities, which evoke brief vigorous respiratory 94 responses, and to prolonged stressors (novel environment and restraint), which evoke 95 an increase in resting (i.e. locomotion-independent) respiratory rate, in conscious 96 unrestrained rats. 97
98

METHODS 99
Animals 100
Eight male Outbred Wistar rats were received from the University of 101
Newcastle animal house. They were individually housed at 12/12h light/dark cycle 102 (lights on at 7am) with ad libitum access to food and water. All experimental 103
procedures were performed at least 7 days after delivery of animals. All experimental 104 procedures were approved by the Animal Care and Ethics Committee of the 105
University of Newcastle and were in accordance with the Australian Code of Practice 106 for the Care and Use of Animals for Scientific Purposes. 107
During a preliminary surgery animals were anesthetized with Isoflurane (2% 108 in oxygen) and were implanted with bilateral guide cannulas targeting the 109 dorsomedial hypothalamus (-3.3 mm caudal, 9 mm ventral, 0.5 mm lateral from 110 bregma). Carprofen (5 mg/kg) and enrofloxacin (10 mg/kg) were used as an analgesic 111 and an antibiotic. 112
At least 7 days after the surgery and no earlier than a recovery to body weight 113 prior to the surgery, animals were subjected to two recording sessions with at least 48 114 hours between them. Twenty minutes prior to each recording session animals received 115 microinjections of either muscimol (20 nmol in 200 nl) or saline (equal volume) 116 bilaterally into the DMH/PeF in a counter-balanced design. The injections were 117 performed using a syringe pump (KDS200, KD Scientific, Holliston, MA) attached to 118 the injector over at least 1 minute. The injection volume was assessed by observation 119 of the meniscus in a glass capillary attached to the injection cannula. After each 120 successful injection the injector remained in place for at least 30 seconds to prevent 121 spill of drug back into the cannula during removal of the injector. A relatively large 122 dose of muscimol (20 nmol in 200 nl) was selected in this study as the protocol of the 123 current study was longer than protocols of previous similar studies (such as Ref . 15) 124 and we were aiming to inhibit both the dorsomedial hypothalamus and the perifornical 125 area for at least 2 hours. Each animal performed the session twice -once with 126 muscimol to the DMH/PeF and once with saline to the DMH/PeF pre-treatment. At 127 the beginning of this study, we also attempted to perform control microinjections of 128 muscimol dorsal to the DMH/PeF; however, such microinjections resulted in animals 129 loosing consciousness, presumably due to blockade of the thalamus. Muscimol was 130 purchased from Sigma-Aldrich (USA). 131
132
Experimental design 133
During a recording session, animals were individually placed inside an open 134 system whole-body plethysmograph with a constant flush of air at the rate of 2 L/m 135 (see Ref. 17) . By monitoring the rate of pressure fluctuations of the outflow line, we 136 are able to assess the respiratory rate online. Also, we are able to indirectly assess the 137 change in tidal volume by measuring the magnitude of these pressure fluctuations. 138
The apparatus used in this study does not allow reliable assessment of the tidal 139 volume during prolonged periods, as this requires continuous measurements of body 140 temperature and air humidity. However, during short periods, such as during 141 presentation of the acoustic or light stimuli, changes in the body temperature or air 142 humidity are assumed to be negligible and therefore an estimate of the tidal volume 143 can be assessed more reliably. Animal bedding was placed on the bottom of the 144 plethysmograph. The apparatus was placed in a soundproof box, and constantly 145 illuminated by a 20 lux LED light. Animals' gross motor activity was monitored by a 146 piezoelectric pulse transducer (MLT1010/D, ADInstruments, Sydney, Australia) 147 placed under the plethysmograph. The plethysmograph and the piezoelectric pulse 148 transducer were connected to the PowerLab data acquisition system (ADInstruments, 149
Sydney, Australia). 150
Each recording session consisted of a 40-minute acclimatization period 151 followed by presentation of six acoustic stimuli (500ms white noise, 50ms rise and 152 Rate MEAN during all but the last 5-minute intervals of acclimatization (p < .05). 213
Muscimol to the DMH/PeF also decreased the Resp Rate DOMINANT during the first 5-214 minute interval, p = .032, while it increased it during the seventh 5-minute interval, p 215 = .028. Lastly, we found that blockade of the DMH/PeF region has significantly 216 inhibited the standard deviation of respiratory rate and percentage of high frequency 217 respiratory rate during all eight 5-minute intervals of acclimatization (all p < .05). All 218 data from the acclimatization period are summarized in Fig. 1 . 219
220
DMH/PeF blockade inhibited respiratory responses to the short acoustic stimuli 221
Presentation of acoustic stimuli evoked transient responses in respiratory rate 222
proportional to the stimulus intensity, ranging from an increase of 44 ± 27 cpm in 223 response to the 40 dB stimulus to 329 ± 31 cpm after the 90 dB stimulus ( Fig. 2A) . 224 6x2 (intensity x drug) within-subject ANOVAs were performed on the amplitudes of 225 respiratory rate responses (ΔRespRate) and proportional changes in the estimated tidal 226 volume responses (ΔTv) and a 3x2 (intensity x drug) within-subjects ANOVA was 227 performed on the latencies of respiratory response to the 70-90dB stimuli. We have 228
found that the magnitudes of the respiratory rate and the tidal volume responses were 229 linearly proportional to the stimulus intensity (both p < . (Fig. 4) . Both the mean and the 250 dominant respiratory rates gradually declined as the restraint stress progressed. 251 4x2 (time x drug) within-subject ANOVAs were performed on the Resp 252 Rate MEAN , the Resp Rate DOMINANT , the standard deviation of respiratory rate (SD RR ) 253 and the percentage of high frequency respiratory rate (%HF). Inhibition of the 254 DMH/PeF significantly inhibited the mean of respiratory rate during baseline and all 255 three 5-min intervals of restraint (all p < .05). Also, it inhibited the dominant 256 respiratory during the first and second 5-min interval of restraint (both p < .05). 257
Importantly, restraint failed to evoke any significant change in the dominant 258 respiratory rate after the muscimol microinjection into the DMH/PeF (p = .38; see 259
Fig. 4B). 260
Submission to restraint stress significantly elevated the standard deviation of 261 respiratory rate (from 32 ± 6 to 65 ± 7 cpm). Inhibition of the DMH/PeF significantly 262 inhibited this response during the first and second 5-minute interval of restraint (both 263 p < .05). There were no effects of drug or time on the percentage of high frequency 264 respiratory rate (see Fig. 4) . Our main finding is that the dorsomedial and the perifornical hypothalamic 271 region (DMH/PeF) is essential for generation of respiratory responses to both stressful 272 (normally evoking a defence reaction) stimuli as well as to alerting (normally evoking 273 an orienting response) stimuli. Brief stimuli, such as the acoustic stimuli used in the 274 current study, evoke a pattern of vigorous respiratory response ("sniffing"), which is 275 presumably associated with a brief change of arousal. Prolonged stressors, such as the 276 novelty stress and the restraint, evoke a sustained increase in respiratory rate. 277
Inhibition of the DMH/PeF abolished respiratory responses to both brief stimuli and 278
prolonged stressors. In particular, it abolished responses to the light stimulus, the 40-279 70dB acoustic stimuli and the restraint stress. The only respiratory responses that 280 were generated after the DMH/PeF blockade were in response to the 80-90dB 281 acoustic stimuli and in response to placement into the recording chamber (novelty 282 stress), but all of these responses were also significantly inhibited. 283
284
Evidence of DMH/PeF involvement in respiratory function 285
The current experiment is the first demonstration that integrity of the DMH/PeF 286 region is essential for generation of respiratory responses to alerting stimuli and stress 287 in conscious animals. This finding is supported by previous studies in anesthetized 288 animals that described tachypneic responses to chemical stimulation of the DMH/PeF 289 area (8, 33). Our results are also in full accord with the previous findings that describe 290 the DMH/PeF as a key region of the central network mediating autonomic responses 291 to stress. Blockade of the DMH/PeF abolished cardiac and pressor responses to 292 restraint stress in conscious animals (32). Conversely, disinhibition of the DMH by 293 GABA A antagonist bicuculine evokes increases in the heart rate, arterial pressure and 294 respiratory rate in anesthetized animals (21, 33), while in conscious animals it also 295 evokes panic-like behaviour (7). Our findings show that the DMH/PeF is as important 296 for mediating respiratory arousal, as for mediating other autonomic changes. It is 297 generally believed that the DMH integrates information from other nuclei of the 298 central autonomic network (6). Indeed, it was shown that blockade of the DMH 299 abolishes increases in the arterial pressure and respiration evoked by the 300 periaqueductal grey stimulation (14). Also, blockade of the prelimbic medial 301 prefrontal cortex (PFC) decreased the panic-like behaviour induced by the DMH 302 disinhibition (7). Zhang et al. (35) Another potential mechanism, by which inhibition of the DMH/PeF area could 315 have affected respiration, is by inhibition of the metabolic processes. Indeed, 316 stimulation of the DMH was shown to elevate thermogenesis via increased heat 317 production in the brown adipose tissue (BAT), increase in CO 2 production and 318 subsequent increase in respiratory rate via chemoreflex mechanisms (3). Furthermore, 319 previous studies reported increases in BAT temperature during stress (25). Inhibition 320 of the DMH/PeF area in the current study possibly inhibited such stress-induced heat 321 production in the BAT, leading to decreased respiratory responses. However, it is 322 unlikely that this process alone can explain the observed inhibition of respiratory rate 323 during any of the stimuli and stress in the current study, as increase of core 324 temperature and subsequent increase in metabolic demand is a relatively slow process, 325 which requires at least 10 minutes to reach peak values during the restraint stress (25) 326 or during direct stimulation of the DMH (3). If respiratory responses to stress were 327 secondary to increases in metabolic demand, then the maximal values would have 328 been observed 10-15 minutes after the onset of the stressor on saline trials. As this 329
was not the case, it must be that inhibition of respiratory rate response to restraint and 330 novelty stress was primarily due to a blockade of the central pathway directly 331 mediating respiratory activation in response to stress. However, inhibition of 332 metabolic processes via BAT heat production probably did contribute to a reduction 333 of respiratory rate on muscimol pre-treatment trials, but only at the later stages of 334 restraint and novelty stress. 335
Using a methodology identical to the one employed in the current study we 336 have previously investigated the effects of the amygdala or the prelimbic prefrontal 337 cortex (plPFC) blockade on the respiratory responses to brief acoustic stimuli, novel 338 environment stress and restraint. Blockade of the amygdala inhibited the magnitude, 339
but not the latency of respiratory responses to the high-intensity acoustic stimuli (70-340 90dB) (1), while blockade of the plPFC had no effect on these responses (2). 341 Furthermore, the extent of inhibition of the respiratory responses after the amygdala 342 blockade was very similar to the one observed in the current study after the DMH/PeF 343 blockade. As the amygdala has direct projections to the DMH/PeF (35) it is therefore 344 possible that the amygdala contributes emotional connotation to a response that can be 345 evoked in absence of any input from the amygdala. Therefore, it could be contributing 346 to the magnitude, but not the speed of these responses. In the aforementioned study 347 blockade of the amygdala by muscimol has also decreased the respiratory rate during 348 the 5-minutes of restraint stress and inhibited time-dependent reduction in respiratory 349 rate during the restraint (1). Also, inhibition of the prelimbic prefrontal cortex (plPFC) 350 decreased the respiratory rate during all three 5-minute intervals of restraint, but 351 preserves the time-dependent reduction (2). Blockade of the DMH/PeF in the current 352 study inhibited the respiratory rate during all three 5-minute intervals of restraint and 353 also inhibited the time-dependent reduction in the respiratory rate. As both the plPFC 354 and the amygdala have direct projections to the DMH/PeF region (26), it is therefore 355 possible that this effect was due to inhibition of the two components -a fear-related 356 respiratory response to the restraint stress that dissipates with time and is presumably 357 mediated by the amygdala and a general arousal-related increase in respiratory rate 358 that is presumably mediated by the prelimbic prefrontal cortex. 359
Data of the current study also suggest that the DMH/PeF region mediates 360 respiratory component of the orienting response as we found significant inhibition of 361 the respiratory rate responses to the low-intensity acoustic stimuli. We have 362 previously shown that this response is not mediated by the amygdala (1), which is in 363 line with previous findings that the habituation, but not the expression of the cardiac 364 component of the orienting response is mediated by the amygdala (30). It is currently 365 unknown which central regions trigger the respiratory component of the orienting 366 response. It is possible that other central structures, such as the infralimbic prefrontal 367 cortex, are involved in initiating this response as it is activated in humans during 368 orienting (34). Also, it is possible that this response is mediated by the lateral 369 hypothalamic area as its electrical stimulation elicits a bradycardic and a tachypneic 370 responses (12), which is consistent with a pattern of orienting response. Another 371 potential candidate is the periaqueductal gray (PAG) as it has been recently 372 demonstrated that stimulation of the PAG area evokes tachypnea in anesthetized rats 373 and this response can be abolished by the DMH blockade (14) . 374 We must acknowledge that our methodology does not have spatial resolution 375 required to separate the effects of the blockade of the DMH and the immediately 376 adjacent PeF, as a volume of a microinjection that was required for an experiment in 377 conscious animals most likely affected both regions. Some previous studies in 378 conscious rats have similarly investigated effects of inhibition of both regions (e.g. 379 In the current study we were unable to perform control injections of muscimol 385 into an area other than the DMH/PeF. The guide cannula used in the experiment was 386 5mm long, as it ensures good accuracy of microinjections, therefore we were only 387 able to perform injections at least 6mm ventral from the surface of the skull. 388
Injections dorsal to this area, around the thalamus, resulted in rats losing 389 consciousness. However, we do not believe that this is a serious limitation as we have 390 previously performed control injections of muscimol into an area that is not part of the 391 central autonomic network in a methodology identical to the one used in this study 392 and we did not see significant effects on the respiratory responses to various stressors 393
(1). 394
Also, it is important to note that studies that implicated the DMH/PeF region 395 in autonomic control have only been performed in animals. Only recently the research 396 that implicates the involvement of the DMH/PeF in humans in autonomic processing 397 started to emerge (19). However, involvement of the DMH/PeF area in the central 398 command of respiration has not been shown in humans. 399 400
Connectivity of the DMH/PeF with the lower brainstem respiratory network 401
A recent neuroanatomical tracing study described dense projections from the 402 perifornical area to the lateral and medial parabrachial nuclei (26). Also, there were 403 
